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1. Introduction
The replacement of conventional petrol-based and
short life-cycle polymer foams with bio-based and
biodegradable alternatives will be crucial for the nat-
ural environment and to diminish the burden of land-
fills, still the application of biopolymers as porous
materials is negligible up to now.
Recently, poly(lactic acid) (PLA) foams have been
considered as the most promising bio-based and bio -
degradable substitutes for polystyrene (PS) and poly-
ethylene (PE) foam products, which currently hold the
majority ratio in the packaging industry. This is main-
ly due to the competitive material and processing
costs of PLA accompanied with comparable barrier
and mechanical properties and environmental friend-
ly character [1]. Besides packaging industry, there is
a wide range of potential application fields for PLA
foams, such as construction and transportation, where
these could effectively serve as lightweight heat and
sound insulating elements, panels and sandwich com-
posite cores. However, to produce low-density PLA
foams with uniform cell morphology, improvements
of the inherent shortcomings of PLA, especially its
low melt strength and slow crystallization kinetics,
need to be addressed.
One of the most investigated methods to improve the
melt strength of PLA is the increase of its molecular
weight and the modification of its linear molecular
structure by using chain extenders (CEs). CEs have
two or more functional groups such as hydroxyl,
amine, anhydride, epoxy, carboxylic acid or iso-
cyanate. Bifunctional CEs couple the two end groups
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of PLA, thereby lead to a linear polymer with some-
what higher molecular weight, while CEs of higher
functionality give raise to branched structures with
significantly improved rheological properties [2, 3].
It was found by Wang et al. [4] that molecular branch-
ing increases melt strength and elasticity, and there-
by also the integrity of cells, cell density, and expan-
sion ratio during extrusion foaming.
Enhancing crystallization kinetics of PLA during
foaming has been recognized as an effective way to
overcome its weak viscoelastic properties and to im-
prove its foaming behaviour (i.e. cell nucleation and
expansion) [1, 5, 6]. In PLA, improved crystallinity
has been achieved by using different nucleation agents,
such as talc, that increase the heterogeneous nucle-
ation density [7]. It was shown by Pilla et al. [2] that
the simultaneous addition of talc and CE leads to in-
creased cell density and more uniform cell structure.
Fillers, such as wood particles [8] or clay nanoparti-
cles [9] are also known to act as crystal nucleating
agents and change the melt viscosity. Moreover fillers
influence the microstructure and thus the mechanical
and thermal properties of the foams [10]. Significant
crystallinity can also be achieved by using plasticiz-
ers that widen the crystallization window by increas-
ing the PLA chain mobility and decreasing the glass
transition temperature.
Polymer foams are generally obtained by the addi-
tion of chemical blowing agents, their mostly exother-
mic reaction makes, however, the process and the
final cell structure hardly controllable. In addition, they
may lead to unwanted residues in the bulk. Physical
blowing agents are more desirable from this respect.
Currently, the focus is on CO2 due to its chemical in-
ertness, non-flammability, relative ease of handling,
well controllable influence and more favourable in-
teraction with polymers compared to other inert
gases. Moreover, it advantageously replaces less eco-
logical solvents like butane, pentane or chlorofluo-
rocarbons (CFCs), which are known for their contri-
bution to the depletion of the ozone layer and may
bring hazardous risks. Therefore, the new types of
bio-foams are preferably manufactured by CO2
aided techniques.
Microcellular PLA foams can be manufactured
through batch processes, which are, however, hardly
scalable from lab-scale due to their small production
rate. In the industry more cost-effective continuous
processing technologies such as extrusion foaming
and foam injection moulding are preferred. Recently,
many studies have focused on extrusion foaming
using supercritical CO2 (scCO2) as physical blowing
agent [11]. When CO2 is supercritical, its solubility
and diffusivity in PLA increases significantly. The
scCO2 introduced into the extruder dissolves in the
polymer melt and acts as a plasticizer [12] and by this
means affects its crystallization rate [13]. Moreover,
lower processing temperatures are applicable and
also the mechanical abrasion of the equipment will
be reduced. In addition, this may lead to reduced
degradation of thermo-labile molecules like active
pharmaceutical ingredients which may be used with
such process [14]. Compared to the conventional
foaming processes, the advantages of the scCO2
aided extrusion foaming are the accurate control of
the foam quality (i.e. cell structure), the mild condi-
tions (reduced risk of thermal and hydrolytic degra-
dation), environmental friendliness (organic solvent-
free, no residue), the reduced energy demand during
processing and the safety.
In this work, natural fibre reinforced PLA foams, as
potential green replacements for petroleum-based
polymer foams, were investigated. High porosity, mi-
crocellular biocomposite foams were manufactured
by continuous scCO2 assisted extrusion process. To
obtain uniform cell structures with increased cell
density, epoxy-functionalized CE and talc were ap-
plied. The effect of cellulose and basalt fibre rein-
forcement was investigated on the morphology and
mechanical properties of the PLA foams.
2. Materials and methods
2.1. Materials
Ingeo™ Biopolymer 3052D grade PLA (Tm = 145–
160 °C, Mw = 116 000 g/mol, MFR = 14 g/10 min
(210°C, 2.16 kg), D-lactide content = 4%), purchased
from NatureWorks LLC (Minnetonka, MN, USA),
was the polymer matrix. Its rheology was controlled
using a styrene-acrylic oligomer multi-functional
epoxide chain extender (CE), Joncryl ADR4368-C
with a molecular weight of 6800 g/mol and an epoxy
equivalent weight of 285 g/mol, kindly supplied by
BASF SE (Lugwigshafen, Germany). As nucleating
agent HTPultra5 L type talc (T), received from IMI
FABI SpA (Postalesio, Italy), with a median diame-
ter of 0.65 µm was used. The applied reinforcements
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included cellulose fibres (Arbocel BWW40, J. Ret-
tenmaier & Söhne GmbH, Rosenberg, Germany) with
average fibre length and diameter of 200 and 20 µm,
respectively, and basalt fibres (Basaltex KVT
150tex13-I) with linear density of 150 tex, filament
diameter of 13 μm and an initial fibre length of
10 mm. CO2 (Linde AG, Munich, Germany) was ap-
plied as physical foaming agent.
2.2. Sample preparation
Before processing, all materials (PLA, natural fibres
and additives) were dried at 85°C for 6 h in all cases.
PLA mixtures were prepared by using a Labtech Sci-
entific LTE 26-44 modular twin screw extruder
(Labtech Engineering Co., Samutprakarn, Thailand)
with a constant screw speed of 20 rpm and the fol-
lowing temperature profile of the extruder zones:
zone1 = 175 °C, zone2 = 175 °C, zone3 = 180 °C,
zone4 = 180°C, zone5 = 185°C, zone6 = 190°C. The
obtained extrudates were pelletized and dried prior to
foam extrusion. The composition of the manufac-
tured four types of PLA compounds is summarised
in Table 1.
Supercritical-CO2-aided melt extrusion was per-
formed on a single-screw extruder (Rheoscam,
SCAMEX, Crosne, France) with a screw diameter
of 30 mm and a length to diameter ratio (L/D) of 37
[15, 16]. As physical foaming agent, CO2 was inject-
ed into the barrel using a syringe pump (260D, ISCO
Lincoln, NE, USA). As it is shown in Figure 1, the
injection position is located at 20 L/D from hopper,
where the screw diameter is constant. CO2 was intro-
duced at the same pressure as the pressure prevailing
in the extruder. The polymer–CO2 mixture then passed
through a static mixer (SMB-H 17/4, Sulzer, Switzer-
land). This element, inserted before the die, provides
a distributive mixing between the two components.
A flat die with a width of 30 mm and an adjustable
height, which allows tuning the pressure before the
die, was used. The temperature inside the barrel was
regulated at the following six locations: T1 and T2
before and T3 after the CO2 injection location, T4 be-
fore the mixing element, T5 at the static mixer and
T6 at the die. The temperature (Tmat1–Tmat3) and pres-
sure (P1–P4) of the material were measured at three
and four sensor locations, respectively.
During foam extrusion experiments, the screw speed
was kept constant at 30 rpm and the following tem-
perature profile was set for the extruder zones: Thopper =
50 °C, T1 = 160 °C, T2 = 180 °C, T3 = 180 °C, T4 =
160 °C, while the mixer (T5) and die temperatures
(T6) were varied at each experiments while keeping
them at a same value. This temperature will be called
die temperature in the rest of this article. CO2 was
introduced at a constant volumetric flow rate ranging
between 1.5 and 3.0 mL/min. Once scCO2 was in-
jected, a significant decrease in the material pressure
within the extruder barrel occurred, mainly due to the
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Table 1. Composition of the PLA compounds used for foam extrusion
Sample
PLA
[wt%]
Chain extender
[wt%]
Talc
[wt%]
Cellulose fibre
[wt%]
Basalt fibre
[wt%]
PLA 100 – – – –
PLA+CE+T 96 2 2 – –
PLA+CE+T+CF 91 2 2 5 –
PLA+CE+T+BF 91 2 2 – 5
Figure 1. Schematic picture of the foaming system
decrease of melt viscosity. Parallel with the increas-
ing CO2 concentrations (in the range of 2 to 8 wt%),
T5 and T6 had been cooled to increase melt strength
at the die. Once stable conditions have been estab-
lished, samples were collected. At each new condi-
tion, the temperature (Tmat3) and pressure (P4) of the
material, measured just before the entry within the
die, were registered. To study the influence of oper-
ating parameters on porous structure, several exper-
iments have been carried out varying mixer and die
temperatures and CO2 concentration, by keeping other
parameters constant.
2.3. Methods
Rheological measurements
Melt rheology under dynamical shear was investi-
gated using an AR 2000 type rotational rheometer (TA
Instruments, New Castle, DE, USA) with 25 mm di-
ameter parallel-plate geometry. Dynamic frequency
sweep tests were performed at 170°C to measure the
complex shear viscosity (η*, Pa·s) over a frequency
range of 0.1–100 Hz under controlled strain of 1%.
Porosity measurements
Porosity is defined as the ratio of void volume to the
total volume of the foam sample. Porosity (ε) of
foams was calculated from their apparent density
(ρapp) and the density of the non-foamed extrudate
(ρ) according to Equation (1):
(1)
The bulk density (ρ) of the PLA based polymer mix-
tures were considered to be 1.27 g/cm3, while ρapp of
expanded samples was determined by water-pycnom-
etry.
Scanning electron microscopy (SEM)
Scanning electron microscopic (SEM) images were
taken using a JEOL JSM-5500 LV type apparatus
(JEOL Ltd., Akishima, Tokyo, Japan) using an ac-
celerating voltage of 15 keV. The samples were coat-
ed with gold-palladium alloy before examination to
prevent charge build-up on the surface.
Differential scanning calorimetry (DSC)
DSC measurements were carried out using a TA In-
struments Q2000 type instrument (New Castle, DE,
USA) with a heating rate of 10 °C/min under
50 mL/min nitrogen gas flow, covering a tempera-
ture range of 25–180 °C. About 3–6 mg of sample
was used in each test.
The percentage crystallinity (χc) of PLA foams was
calculated according to Equation (2), where ΔHm is
the melting enthalpy, ΔHcc is the cold crystallization
enthalpy, ΔHm0 is the melting enthalpy of a perfect
PLA crystal equal to 93 J/g [16] and φ is the weight
fraction of fillers:
(2)
Compression strength
An AR2000 Rheometer (TA Instruments, New Cas-
tle, DE, USA) with plate-plate adjustment was used
for mechanical characterization of cylindrical foam
specimens with a diameter of 8 mm. Compression
tests were carried out with a constant compression
rate of 30 µm/s. The diameter of the squeezing upper
plate was 25 mm and the initial gap was 20 mm in
all cases. The compressive resistance at 10% relative
deformation were determined for each foam sam-
ples. At least 5 specimens were tested in all cases.
3. Results and discussion
3.1. Rheological properties
The effect of the used additives, chain extender, talc
and fibres on the melt rheology and processability
of PLA was studied by dynamic viscosity measure-
ments. As illustrated in Figure 2, the introduction of
2% CE and 2% talc was found to increase the com-
plex viscosity. Likely, not only the CE induced long-
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Figure 2. Dynamic viscosity as a function of angular fre-
quency for neat and additive containing PLA
chain branched structure reduced the chain mobility
of PLA but also talc enhanced the melt viscosity
mainly at the lower shear rate region. The addition
of both cellulose and basalt fibres further increased
the melt viscosity in the whole frequency range. As
the increase of the viscosity mainly depends on the
concentration, particle size, particle size distribution
and shape of the fillers, the mobility of PLA chain
segments were more hindered by the larger number,
smaller and less uniform cellulose particles. The de-
creased chain mobility was expected to improve the
melt strength and resistance against CO2 diffusion,
but affect the crystallization kinetics as well.
3.2. Morphology
Foamed samples from each experiment were com-
pared at three porosity levels, at around 15, 45 and
95%, respectively. Highly porous (ε > 95%) PLA
foam structures were obtained typically at a CO2 con-
centration of about 8 wt% and with Tmat3 of around
110–120°C, as presented in Figure 3. In all cases, the
lower the die temperature, the higher the porosity.
This effect is well documented in the literature [7]
and is linked with the formation of a skin at the sur-
face of the samples due to lower die temperatures
and an optimal melt temperature before the die. This
frozen surface prevents CO2 to escape leading to pore
growth and higher expansion ratio. Moreover, in order
to prevent cell coalescence and to preserve the high
cell density, the polymer melt should be cooled sub-
stantially to increase its strength to preserve the high
cell density, while keeping a sufficient fluidity for
bubbles to grow. The effect of CO2 content is also
linked with temperature since the CO2 solubilisation
is inversely proportional to temperature. High CO2
content can only be obtained at low temperatures.
It was observed that a wider processing window is
available for PLA foam formation by using natural
fibres. Compared to neat PLA, in the case of the ad-
ditive containing mixtures less porous foams were
obtained at all die temperatures, indicating more gas
loss when CE, talc and fibre are present in the poly-
mer melts. As a function of decreasing temperatures,
a sharp increase in the porosity of the CE and talc
containing PLA foam (PLA+CE+T) is observable,
which is associated with its accelerated solidification
with crystallization at low temperature. Similar be-
haviour was observed for the cellulose containing
mixture, indicating enhanced nucleation effect of the
dispersed cellulose fibres.
SEM micrographs taken from the highly expanded
(ε > 95%) foams are presented in Figure 4. It can be
seen that broad cell size distribution accompanied
with rather limp or collapsed cell walls are character-
istic for the neat PLA foam (Figure 4a). It is assumed
that due to the early homogeneous nucleation the cells
have longer time for growth [17]. Nevertheless, due
to the insufficient melt strength of PLA at the foam-
ing temperature, the cell walls have only low resist-
ance against CO2 diffusion from the melt to the at-
mosphere, and thus limp and mechanically weak cell
structure is formed. In contrast, the PLA foam con-
taining CE and talc (PLA+CE+T) had a denser and
more uniform cell morphology (Figure 4b), indicat-
ing that the addition of CE effectively increased the
melt strength. Based on the lower temperature profile,
allowed in the case of the fibre reinforced foams, a
greater degree of crystallinity and improved melt
strength were expected. It can be seen on Figure 4c
and d that the addition of natural fibres resulted in
decreased cell diameters likely due to the increased
melt viscosity (see Figure 2) and due to the increased
number of nucleating sites induced by the fibre sur-
faces [18, 19]. At the same time, the fibre reinforced
foams have less uniform cell structure, which should
be related to the fibre distribution within the polymer
matrix and the fibre matrix interactions [19]. It is sug-
gested that as a result of local fibre-matrix debond-
ing microholes are induced, where the gas loss hin-
ders the cell growing ability, and thus non-uniform
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Figure 3. Effect of formulation and mixer and die tempera-
tures on the porosity of PLA foams extruded at 8%
of CO2
distribution of cell size is obtained. Also, an increase
in the open-cell ratio in the presence of fibres com-
pared to unreinforced PLA foams was expected based
on the results of previous studies [20].
3.3. Crystallinity
The crystallinity of the PLA foams was examined by
DSC method. The first heating runs of the neat PLA
foams at three porosity levels are presented in Fig-
ure 5. It can be observed that the low porosity PLA
foams are almost fully amorphous, which is indicat-
ed by the sharp glass transition around 60°C and by
the broad exothermic peak in the range of 100 and
120 °C indicating significant cold-crystallisation
[21]. The melting of the crystalline phase occurs
around 150°C. Typically two endothermic peaks are
visible, at 149 °C corresponding to melting of the
less ordered α’ crystals, and at 156°C corresponding
to melting of the thermodynamically more stable α
crystals [22]. In contrast, only a slight cold-crystal-
lization exotherm is observable in the DSC curve of
the PLA foam of 96.4% porosity, indicating notice-
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Figure 4. SEM micrographs of the cell morphologies obtained for highly expanded (ε > 95%) PLA foams. PLA (a),
PLA+CE+T (b), PLA+CE+T+CF (c), PLA+CE+T+BF (d). The actual porosity values are represented after the
abbreviation of the materials within every micrograph.
Figure 5. DSC curves of PLA foams of increasing porosity.
The actual porosity values are represented after the
abbreviation of the materials within the graph.
able inherent crystalline phase in this sample. Based
on the dominance of the ordered α crystal form in
the highly expanded PLA foam, it can be concluded
that its crystallization occurred mainly during pro-
cessing. Similar trends were observed for the other
examined, additive containing PLA foams.
Figure 6 presents the estimated crystallinity versus
porosity for the neat and additive containing PLA
foams. It can be seen that for the foam samples con-
taining additives the degree of crystallinity increased
almost linearly with porosity. It is likely due to the
strain-induced crystallization [9, 23] and to the plas-
ticizing effect of CO2 which results in the decrease
of the temperature of crystallization and formation
of more perfect crystalline domains.
The advantageous effect of the used nucleating agents
(talc, cellulose and basalt fibre) on the crystallinity
is most observable at lower expansion ratios. Ac-
cordingly, both natural fibres promoted the nucle-
ation effectively, but the highest degree of crystallinity
values were obtained for the basalt fibre reinforced
PLA foams. In the case of cellulose fibre reinforce-
ment, it is supposed that the increased dynamic vis-
cosity (Figure 2) and thus the hindrance of molecular
chain mobility decreased the crystallization. The high
degree of crystallinity is, however, crucial to obtain
improved thermo-mechanical properties [24, 25]. The
prominent nucleating ability of basalt fibres has been
utilized recently by Tábi et al. [26] to obtain crys-
talline PLA composites of high heat deflection tem-
peratures.
3.4. Compression strength
The mechanical performance of the PLA foams, man-
ufactured in this work, has been evaluated based on
their compression strength at 10% deformation. The
compression strength of the obtained neat and addi-
tive containing highly expanded (ε > 95%) PLA
foams are indicated in Figure 7. It is clearly visible
that without additives the neat PLA foam has low
compression strength, about 20 kPa. This is expected
based on the collapsed cell structure, also observed
in Figure 4a, formed as a consequence of the insuf-
ficient melt strength. In contrast, the addition of CE
and talc promoted the formation of uniform cell-
structure, the mechanical resistance of which reaches
100 kPa. The compression strength of the talc and
CE containing PLA foam deteriorated when 5 wt%
natural fibres were added. This can be explained by
the poor adhesion, the lower polydispersity and the
increased open-cell ratio evidenced by SEM micro-
graphs (Figure 4c and d). Another argument can be
that cellulose and basalt fibres are too large com-
pared with the cell size to provide efficient reinforce-
ment. Nevertheless, the compression strength of the
basalt fibre reinforced PLA foam reaches 40 kPa.
4. Conclusions
Natural fibre reinforced microcellular PLA compos-
ite foams were manufactured by scCO2 assisted foam
extrusion process, the same method that could be
easily scaled-up even towards real industrial appli-
cations. Epoxy functionalized CE and talc were used
to improve the foamability of PLA. It was found that
the addition of 5 wt% cellulose or basalt fibres pro-
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Figure 6. Foam crystallinity as a function of porosity
Figure 7. Compression strength of PLA foams
vides a wider processing window for PLA foam pro-
duction. Based on the lower applicable temperature
profile, a greater degree of crystallinity and improved
melt strength could be expected. It was evinced that
natural fibres increase the melt viscosity and pro-
mote the heterogeneous cell nucleation. As a result,
microcellular composite foam structures with poros-
ity higher than 95% could be obtained. However,
due to the fibre distribution and the weak fibre ma-
trix adhesion, the fibre reinforced foams have less uni-
form cell structure and increased open cell ratio com-
pared to the unreinforced CE and talc containing
foam. Basalt fibres can serve as reinforcement pro-
viding improved compression strength comparing to
PLA foams. However, the best mechanical perform-
ance was achieved without reinforcing fibres, by ap-
plying only the combination of CE and talc. The com-
pression strength of this foam reaches 100 kPa. It is
believed that further chemical or physical modifica-
tions, such as reinforcement and flame retardancy,
could promote the market penetration of PLA foams
in technical application fields as well.
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